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1. 1.0 INTRODUCTION

1.1 Objective of the Effort

The immediate objective of the effort was to instrument

an experimental capability to study RCS matrix of sea clutter

and to collect some preliminary data from an experimental site

at NOSC to confirm experimental results obtained with the NRL

Four Frequency Radar data taken some ten years ago. The long

term objective of this effort is to refine the NRL results and

to quantify the RCS matrix technique potential to improve radar

target detectability in sea clutter and to evaluate the appli-
cability of this technique to target classification.

In order to make this report as much self-contained as

possible, a brief overview will be given of the earlier studies

and the basic concepts.

1.2 Background Information

During the past few years Teledyne Micronetics, under
the sponsorship of NAVAIR, and also within the past two years
under the sponsorships of NAVAIR and RADC, has been carrying
out a series of studies aimed at the utilization of polarization

signatures to augment conventional radar techniques in order to
achieve improved target detectability and classification in the

presence of clutter.

The initial efforts carried out under NAVAIR contracts
were aimed at a systematic analysis of polarization signatures

of sea clutter and sea clutter with targets. The study was

motivated in part by the requirement to improving radar detect-

ability of targets in sea clutter and in part by scattered
reports in literature that occasionally significant improvement

in target detectability was achieved by such techniques as

using horizontally polarized signals for target illumination

and vertically polarized signals for signal reception.
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It was therefore felt that useful information could be

gained if a systematic investigation were carried out on polar-

ization properties of sea clutter to establish if indeed there

exist some properties which are stable in a statistical sense

over a period of time long in comparison with time on target

and also if the presence of a target causes a significant change

in these properties to allow identification of the radar return

for the presence of a target with reasonably high degree of

confidence and low probability of false alarm.

The results of these earlier studies have qualitatively

demonstrated that polarization properties of sea clutter are

statistically quite different from those of man-made targets

and utilization of polarization signatures can effectively

augment radar detectability of targets in sea clutter.

The experimental data which was used was the NRL Air-

borne Four Frequency Radar data which was taken by NRL in the

late '60s and '70s. Radar operating at P, L, C, and X-band

were sequentially switched using alternately vertical and hor-

izontal polarizations. Returned scatter was measured on both

polarizations simultaneously and relative amplitudes and phase

were digitized and recorded on magnetic tape. As it turned

out, only the cosine of the phase angle was actually available

and a considerable amount of data processing was needed to

identify the quadrant with a reasonable degree of confidence.
It should be emphasized that this effort would have been

completely impossible without the tremendous assistance and

cooperation which we received from NRL.

Although there were some serious problems with the data

which limited the quantitative aspects of the study, the qual-

itative results demonstrated beyond any reasonable doubt that

sea clutter exhibits certain well-defined polarization character-

istics which were demonstrated by studying various properties
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of the RCS matrix. Furthermore, the NRL data also clearly dem-

onstrated that these properties were significantly disturbed in

the presence of a target. Because of the obvious potential

impact of this discovery on the future design of airborne radar,

a supporting theoretical study by Dr. Jack Daley at NRL is now

being conducted in parallel with this effort to develop and to

define sea model parameters which explain the observed data.

Results of this study have been very successful in explaining

the salient features of the experimental data and consequently

provide a better insight to the physical pheriomena which control

polarization properties of the sea clutter. These studies have

also indicated that a rather substantial improvement in signal

to clutter ratio of as much as 10 dB may be possible at moderate

depression angles where sea clutter is especially troublesome.

The approach used in these studies was based on the

changes in the properties of the radar cross section polarization

matrix or the "RCS matrix".

The RCS matrix provides a complete description of radar
reflectivity of a target. Everyone who has worked with radar

targets is familiar with the concept of the "radar cross section

area" commonly denoted by the Greek letter a. This quantity is

very useful since it describes in a very simple way the reflec-

tivity of the target to the given radar. Unfortunately a is not

a complete description since in general it is a function of

transmitter and receiver polarizations. For instance, if the
* target is a large flat metal plate at normal incidence, a linearly

polarized radar will see a very large a whereas a circularly

polarized radar will see practically nothing since the reflected

energy will be cross polarized.

The RCS matrix generalizes the concept of u and converts

the observed relectivity of the target into intrinsic properties
of the target independent of the radar. Using RCS matrix param-

eters, we can by means of mathematical transformations, compute

3
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[- the target response to any radar whose transmit and receive

properties are known.

The method which is used here to present and to describe

experimental results presupposes familiarity with RCS matrix, the

Poincarle Sphere, polarization space and polarization nulls. For

the convenience of readers who are not familiar with these tech-

niques, a brief summary of essential concepts has been included

in Appendix A of this report and we do recommend that this mater-

ial be reviewed before proceeding with the main body of the report.

4
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2.0 DESCRIPTION OF EXPERIMENTAL PROCEDURES

2.1 Site Geometry

The equipment is located on Point Loma at an elevation

of 422 feet above mean Sea level. Path profiles along three

radials are shown in Figure 1. The usable look directions are

West ± 20 degrees. To the North the limit is set by the fact

that the coastline slopes Westward and only extremely low grazing

Li angles on the sea are possible. To the South there are several
large antenna installations close to the site blocking the viewi
of the sea.

Figure 2 is a plot of angle of incidence on the sea

surface as a function of range and delay for the actual antenna

height of 430 feet above MSL.

To the South and West the maximum incidence angle is

about 15 degrees but this is close to the shore. The maximum

usable incidence angle is approximately 8 degrees.

2.2 Experimental Equipment

"The RCS matrix radar consists of a 10 KW pulse trans-

mitter, a three-channel receiver, and a minicomputer controlled

data acquisition and recording system located inside an equip-

ment van.

A ten foot parabolic reflector antenna with a dual

polarized square horn feed is used for both transmitting and

"receiving. The antenna polarizations are 45 degree left and

45 degree right linear. The antenna is mounted on a pedestal

with manual pointing capability in azimuth and elevation.

A telescope aligned with the electrical axis is used for optical

tracking of the antenna pointing.
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The PRF is approximately 3 kHz with a one-half micro-

second pulse width. The transmit polarization is switched on

every other pulse. The received signal on both polarizations

are sampled just prior to switching of the transmit polarization.

The transmitter consists of a CW signal source with

approximately 10 mW output. A portion of this signal is coupled

off and sent to the receiver for use as a phase and frequency

reference. The remainder is pulse modulated. The pulsed signal
is amplified to approximately 10 watts in a medium power TWT

amplifier. The final stage is a water-cooled solenoid-focused
modulating anode traveling wave tube with peak power output

"of 10 KW and a maximum average power output of 200 watts at

-' 0.25% duty cycle. The operating range of the final stage is

3.1 to 3.5 GHz.

The transmitter output is fed through circulators to

the antenna.

The receiver consists of three phase and amplituce

matched channels. Each channel consists of a mixer where the

input is downconverted to 60 MHz, several stages of IF amplif-

ication, coherent quadrature detectors, and two stages of

"sample-hold circuits. The receiver is operated in a fixed gain

mode which provides about 40 dB of dynamic range when some

signal averaging is used to reduce the effective noise level.

The first local oscillator and 60 M1lz coherent detection ref-

erence signal are common to the three receiving channels. One

of the channels is used for phase and frequency reference and

is fed by a coupled off portion of the CW signal. The first

sample-hold circuit is a fast attack circuit which uses an

externally derived trigger. This sampling time can be delayed

i - a variable amount from the external source thus providing an

adjustable range gate. The second sample-hold circuit is a

slow decay circuit which is triggered just prior to switching

of the polarization. The output of this circuit remains constant

8



for the period of time required by the A/D conversion in the

data acquisition system.

The data acquisition and recording system consists of

a multi-channel A/D module, a digital tape recorder, and a

NOVA 2 minicomputer. A stored program controls the recording

sequence which is initiated by an interrupt pulse that is co-

incident with the polarization switching signal.

Table I contains a summary of the parameters of the

RCS Matrix Radar system as it was configured for these tests.

The receiver noise figure is 12 dB and the IF bandwidth is

2 MHz resulting in a receiver noise level of -98 dBm.

2.3 Calibration Procedures

The on-site calibration and equipment check procedures

were described in the Second Quarterly Progress Report. Subse-

quently, it was determined that procedural modifications were

required in order to achieve self consistency in the system

calibration. For this reason, the basic calibration procedure,
with the modifications, will be reviewed in this section.

A knoll in the antenna foreground provides a suitable
site for locating standard calibration targets. The geometry

of this site is sketched in Figure 3. This site is remarkably
free of multipath. A field probe when illuminated by the radar

antenna essentially reproduces the antenna patterns with no

evidence of ground reflections. The background is rather high

but is sufficiently constant to allow its subtraction from the

calibration data.

The procedure utilizes measurements on three known

targets, the background, and no signal conditions, with a

fourth known target (a dipole) used for ambiguity resolution.

C 9- -- "-i -
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CS IATRIX I.DAI PD?ARNOE

P1 R (PTqTG;RxO)/ (64wRf'eLTL1 )

where

PR " Signal power at input to receiver

PT a Power at output of transmitter w 10 KV * +70 DUN

GT a Transmitter antenna gain - 36.5 dB

G - Receiver antenna gain a 36.5dB

R Radio wavelength - ,09u

R - Radar range

LT - Losses between transmitter and antenna - 10 dB

LR m Losses between antenna and receiver - 5 dD

a a Clutter backscatter cross section - OoA
0

a 0 - Clutter cross section per unit area of sea surface

A - Illuminated area on the sea surface

A - (aRB) (C'rsec*/2)

m q 3 dH azimuth beamwidth in radians - .037

ia - A weighting factor i/YT

C - Velocity of light

T - RF pulse vidth - 0.5 Us

and

* Incidence angle in the sea surface.
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The three known targets are a reference flat plate (a sphere

may also be used), a dihedral with its axis in the vertical

plane, and a dihedral with its axis rolled out of the vertical

plane. The data from these targets together with the background

and no signal condition data is adequate to completely determine

the system parameters. This is done in the following fashion:

For a linear system the measured RCS matrix (a') when the true

RCS matrix is a is given by

a' = DaC+r (1)

where r = receiver output matrix when there is no target

D - transmitter coupling matrix

and C - receiver coupling matrix.

The matrix r represents the combined effects of D.C.

offsets in the coherent detectors, transmit to receiver leakage,
etc. The matrix D describes the transmitter coupling, differ-

ential gain, etc. That is, if the nominal transmitted polar-

ization is i then the field component with polarization j is

Dij. Similarly, the C matrix describes the response of the
receiving system to the field scattered by the target. Thus,

C ij is the response in receiver channel j when the scattered
field has polarization i.

The offset matrix r is determined by recording with no

targets in the range gate. The transmitter and receiver coupling

matrices are determined by recording data from a set of standard

targets whose RCS matrices are known. Although in principle two

properly chosen targets should provide enough information to
uniquely define the unknown parameters we have been unable to

find a set with fewer than three targets which leads to an

unambiguous solution.

12



WI

The three standard targets which we utilize are a flat
plate, a dihedral with its axis vertical, and a dihedral with

its axis rolled at an arbitrary angle 0 about an axis parallel

to the line of sight.

The flat circular plate provides an absolute cross

section reference and is used here also as a phase reference.

When the orthogonal antenna polarizations are horizontal (H)

and vertical (V) the normalized flat plate RCS matrix is

F= ( j (2)

Using the flat plate as a reference the RCS matrix of the vertical

dihedral (6 a 0) is

ao. Ao (3)

and the dihedral rolled through an angle 0 is

e A -os20 -sin24

S= A sin 26 -cos24

The constants A0and A0a are complex numbers. If the dihedrals
are properly oriented their amplitudes are known and equal,
Their phases, however, are usually uncertain because of the
practical difficulties of positioning the phase center of

the dihedral coincident with that of the flat plate. In our
procedures we allow both the amplitudes and phases to the

unknown.

From Equations 2 through 4 it follows that

1A01o _ -Iaol/toP I (5)

and Ae1 2  - _Io1 I/10FI. (6)

13



- iPurthermore, these same relationships apply if we replace a by
.- r so that the unknown constants A and A may be determined

(with a phase ambiguity of 180 degrees) from the determinants
of the measured RCS matrices. In the following discussion we
will assume that this has been done and all of the matrices
have been normalized. We further assume that the offset matrix,
r, has been found and subtracted from the measured RCS matrices.

When Equations 2 through 4 are inserted into Equation 1
then we find 12 complex equations (not all independent) in 7 com-
plex unknowns. The cc-plex unknowns are the elements of the C
and D matrices with the recognition that one of these elements
may be arbitrarily chosen since only products are of significance.

One form of the 12 equations is Equation 7 through 18 with the
e's set equal to zero. If there were no noise or measurement
errors it would be possible to solve these equations for the
unknowns. Since there are measurement errors and noise, how-

ever, a best fit solution is found. That is, the unknown

matrix coefficients and the angle e are determined by minimiz-

ing the quantity E where

S12 2
=E jijj

1

i .and the e's are given by Equations 7 through 18. Since the
minimization equations are nonlinear we use an iterative sol-

r ution algorithm.

1 = 11 - C2 1 D12 (7)

Hc
_i• ... ]'i 2 = 12H " 22D12 8

E3  - 021 21 22 (9)

i i4 02H - C22 22 (10)

IIIl Ol -c CDl (11)

es a11 C11 D11 (1

------- -14-•;t,-t'l I I I



L-'

i, £:6 - o1 2  C1 2 D1

021 v 1 21 (13)

V- D(14)

C8 W a22 C12 D21

"9 a +D + D (15)

B +- DI (16)
1I0 a12 + D11R1 2  D1 2 R2 2

O ,i 2(17)
C11 a21 R11 + D2 2 R2 1

£ 12 a22 + D21R 12 + D22 R22 (18)

where a - (aF + O0)/2

( 0 F -

R C C + D21S

R 2 = C1 SC + C22S

R2 C 1 1 S - 2 1 C

R2 2  C1 2 S - C2 2 C

C - cos(2e)

and S - sin(20).

I.. A figure of merit for the goodness of the data is the ratio of

E to the total power in the three target matrices.

I1 I I. I



Equations 3 and 4 are for ideal dihedrals. The RCS

matrix of a real dihedral will differ slightly from these

forms due to the presence of a non-specular flat plate com-

ponent. Figure 4 shows the geometry of this component.

The specular component cross-section of the dihedral

is given by (1)

oa 4Tr (A/A) 2

where A = area of one side

and X = radar wavelength.

I. The non-specular component cross-section is oscillatory

with frequency and size and is not well defined. If the two

sides behaved independently formulae given by Ross(2) could be
used and would predict a polarization dependence. The fact

that the two sides are joined, however, must substantially alter

the contributions of diffraction at the edges. The magnitude
of the components can be estimated from physical optics theory

and is found to be

[sin(ka//2), 2ns s ka/lV

4- where k = 2n/X

and a = length of one side.

(1) Ruck, G. T., Barrick, D. E., Stuart, W. D., and Krichbaum,
C. D.; Radar Cross Section Handbook, Plenum Press, New York
(1970).

(2) Ross, R. A., "Radar Cross Section of Rectangular Flat Plates
as a Function of Aspect Angle", IEEE Transactions on Antennas
and Propagation, Vol. AP'-lr, No. 3, pp 329-335 (1966).
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For the dihedral used in these calibrations these results

predict a non-specular return which is of the order of 25 dB

smaller than the specular return. When this was not taken into
account when applying the theory, the residual errors after

performing a least squares fit were found to always be of the

order of 25-30 dB below the total power in the three target
matrix. If the non-specular component is assumed to be indepen-
dent of polarization then the total cross section matrix of the

dihedral will consist of the sum of two terms of the form of
(2) and (4). The difference between measurements made a 0 and

0+900 will then cancel out the non-specular term and the spec-
ular terms will add. When this was done the residual errors
were reduced 10 dB resulting in considerable enhanced confidence

in the calibrations.

The calibration procedure utilized then should consist

of measuring a flat plate, the background, and dihedrals at
roll angles of 0, 45, 90, and 135 degrees. The difference
between the roll 0 and roll 90 dihedral data is designated as

roll 0 and the difference between the roll 45 and roll 135

dihedral data is designated as roll 45. This data is then used

in the procedure described in the preceding paragraphs.

This modification of the procedure was developed after

the last data on this contract was taken but will be used in

further tests.

18



I 3.0 PRELIMINARY EXPERIMENTAL RESULTS

[ During the last stages of equipment check out at the

NOSC site there were several opportunities to gather some pre-

liminary data on sea clutter and on targets of opportunity.

The data presented here consists of four samples of clutter

taken at depression angles 2.90, 3.30$ 4.10 and 6.10 respec-

tively and three targets of opportunity: a sailboat, a launch

with big wake and a sportfishing boat. The sea conditions

were fairly calm and the return from the targets was in gen-

eral well above the clutter level, especially since the targets

were further out in range near grazing incidence where the

clutter level tended to be low.

Approximately .6 seconds of representative data were

selected for the purpose of illustrating the RCS matrix proper-

ties of the above mentioned clutter samples and targets of

opportunity.

To facilitate the discussion, each RCS matrix data sam-

ple utilizes a similar four page format which consists of one

page of amplitude information and three pages of polarization

information. This is described below.

3.1 Data Format

Experimental data discussed in Sections 3.2 and 3.3

is presented with the aid of two types of supplementary formats:

amplitude and null polarizations. These two formats will now

be explained in detail.

A typical amplitude format is illustrated by Figure Sa.

The format displays amplitude of RCS matrix elements as a func-

tion of data sample number for about 600 consecutive data points

(300 in each of the two columns). Because of the high degree

of correlation in the amplitude values of adjacent data points

only every fifth data sample is printed out and every 25th is

19



identified by a number on the left margin. The data rate was

approximately 1,000 RCS matrix samples per second so that as

a convenient approximation the data number represents time in

milliseconds.

The horizontal scale at the top of each record repre-

sents relative amplitude. Vertical rows of dotted lines repre-

sent amplitude steps of 10 dB. There are ten horizontal

character spaces between the dotted lines so that each horizontal

space represents a step of one dB.

Although, because of engineering considerations, the

RCS matrix data was collected using +_45* linear polarizations,
the data shown here is the data which has been corrected by
system calibration and which has been polarization rotated to

show what would have been recorded with a radar using horizontal

and vertical polarizations.

The symbols are as follows:

H - l OMil

V - laVVI

X - IOHVI IOVHI

S - [IOHHI +IOVVI2+2jaHV1] 1/2

where joiji represents radar cross section observed with the
.th thSi polarization transmitted and j polarization received.

Here subscripts H and V denote horizontal and vertical polar-
izations respectively.

In data samples when the total target reflectivity,
"11"S", is not printed out, S occupies the same amplitude cell

as the strongest component shown. In general, when two or

more letters occupy the same amplitude space only one will be
printed in the following order of precedence: X, V, H, S and

(dot).

20 _



The second type of data format used here is exemplified

by Figure 5b and displays in rectilinear coordinates the lat-

itude and longitude of the co and cross pol nulls on the Poincare

Sphere (See the Appendix for discussion of co and cross pol nulls

and Poincar6 Sphere). The four plots on the left side of the

page represent co pol nulls and those on the right show the cross

pol nulls. Each plot shows 50 consecutive data points identif-
ied by the numbers below each plot. These data point numbers

represent the same points on the corresponding amplitude data

points. Thus each of the same 600 data points shown on the

amplitude charts are re-examined in the polarization space on

the Poincar6 Sphere. For convenience the 50 points are consec-

utively labeled "A, B,B, C,C, D,D,......X,X, Y,Y, Z." (There
is only one A and Z). It will be recalled that only 10 of these
50 points in each plot are printed out on the amplitude plots.

These ten points are:

1 - second C 6 - first P

2 - first F 7 - second R
3 - second H 8 - first U

4 - first K 9 - second W

5 - second M 10 - Z

Each of the 72 horizontal spaces in the plots represents a five
degree step in longitude and each of the 18 vertical spaces in
the plot represents a five degree step in latitude. In cases
where two or more letters occupy the same horizontal and ver-

tical space only the highest ranking letter is printed.

"To summarize, the data associated with each clutter and
target sample discussed here is illustrated by a set of four

page figures labeled a, b, c, and d. The first page is the

amplitude data showing 600 consecutive data points and repre-
senting approximately 600 milliseconds of data. The other three
pages detail the polarization properties of each of the 600
points (200 per page) by the use of co and cross pol null coordin-

ates plots on the Poincare Sphere with 50 consecutive data points

per plot. -'
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1.3.2 Target Data

As stated earlier, observations were made on three

different targets of opportunity: a sailboat, a launch and

a sportfishing boat. Figure Sa, 6a, and 7a show samples of

the amplitude data. (See Section 3.1 for format explanation).

The amount of structure appears to be directly related to the

target complexity. The sailboat exhibits very little fluctu-

ation in total target reflectivity(s), although the laVVi tends

to fade more than I'HilI. The cross pol component IaHVI is in

general much weaker. Both the launch and the sportfishing boat
exhibit quasi periodic fading with the sportfishing boat show-

ing more structure than the launch. The period of fading

appears to be on the order of 75 milliseconds which would seem
to suggest that it is generated by the relative motion of

scatter centers moving in opposite sense relative to the receiv-

er with the velocity of about two feet per second which prob-'
ably is a reasonable value for a 60 to 80 foot boat tossed

up and down by wave action.

Polarization plots of co and cross pol nulls shown in
"Figures 5b,c,d, 6bc,d, and 7b,c,d are interesting. In the

case of the sailboat the copol nulls appear to cluster in the

polar region, a condition reminiscent of a near specular reflec-
tion from a flat surface. A notable exception to this occurs
in point sequence of 450-650 which when examined in the ampli-
tude domain shows a significant fade of the ja VVI component

followed by a fade of I0HHI component.

The cross pol plots exhibit well defined clustering
1- in the equatorial region throughout the entire sequence except

that during the 400-650 fade cycle which shows a distinct
progression .f the cluster eastward (to the right).

The polarization characteristics of the launch are

distinctly different from the soilboat. There is much less
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clustering of the cross pol nulls. The copol nulls which tend

to cluster in the polar region exhibit considerably more struc-

ture than those of the sailboat. An interesting sequence of

events is exhibited by the point sequence of 350-600. In the

sequence of 350-400 starting with 1. (Point Number 360 on the

amplitude scale) the northern cluster of the copol nulls meanders

across the pole down to the equator and back to the pole. The
southern cluster remains virtually stationary in the next series

of 50 points (401-450). Both copol clusters then start out from

the polar region, meander to the equator and move along the

equatorial belt in opposite directions, northern cluster to the

east and southern to the west with the latter progressing per-

haps three times a3 fast. The next sequences 451-600 traces

out the rapid passage of the southern cluster through a counter-

clockwise spiral and a gradual reformation to the northern and

southern clusters. The amplitude information during that sequence

of events shows a significant fade of the signal around 450 and

a significantly lower IOVVI during the entire sequence of the

data points discussed here.

The sportfishing boat displayed the most complex behav-

ior of the polarization nulls as shown in Figures 7b,c, and d.
*• The sequence of points 451-500 exhibits nearly classic example

"of a flat plate response. All the other copol patterns are

* 1very rich in signature information and suitable techniques
will need to be developed to permit a meaningful interpretation.

It is very clear from the above illustrations that

whereas one could probably recognize the sailboat from the

L launch or the sportfishing boat by the fading rate of the
amplitude signal, separating the launch from the sportfishing

boat, would be difficult using amplitude signal alone and in

particular only IOHI which is the usual quantity that is moni-
tored by conventional Navy radars. Although both targets exhibit

reasonably similar fading patterns, polarization signatures are

distinctly different and if full RCS matrix information is used,
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one could quite readily distinguish the launch from the sport-fishing boat simply by observing the behavior of the polariza-

tion nulls plotted on the Poincar4 Sphere.

3.3 RCS Matrix Measurements of Clutter

For the purpose of illustrating the RCS matrix
properties of sea clutter as observed off the Point Loma

site, data from four representative samples are shown in Fig-

ures 8, 9, 10 and 11. Samples shown represent observations

made at elevation angles of 2.9, 3.3, 4.1 and 6.60. Perusal

of the amplitude data shown in part "a" of the above referenced

figures revealsquasi periodic fading of 1'YV~j with periods

I which appear to depend on the angle of elevation. The longer

periods of 75 to 100 milliseconds are associated with the
elevation angles of 4.1 and 6.1' and shorter periods of 50 to

75 milliseconds are associated with the elevation angles of

S2.90 and 3.30.

As expected, I0HHI is much weaker than IOVVI. It is

interesting.to note that IOHHI is in general significantly
weaker than the cross polarized component IaHVI. However,

I- since both IaHHI and IaHVI are fairly close to the receiver

noise level and inasmuch as this data represents preliminary

observations, these results should be treated as being more

qualitative than quantitative until additional data become

available.

Observed polarization properties of the clutter shown

in parts b, c, and d of Figures 8, 9, 10 and 11 are in general

agreement with earlier observations based on the Four Frequency

Ii Radar NRL data. However, they do exhibit a fair amount of fine
structure which was not observed in the NRL d.ata.

Whenever the signal is strong, as during the peak of

the fading cycle, the clustering of the polarization nulls is
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I

I well defined. As the signal fades the clustering becomes less
defined. This is probably caused by low signal to noise ratio.

There seems to be some evidence that the two copol clusters

interchange their positions. This is suggested by co pol
5 patterns in Figure l0b.

5 3.4 Clutter to Noise Ratio

The measured clutter to noise ratio as a function of

range for a calm sea state (estimated between sea states I
and 2) is plotted in Figure 12. Also shown in this figure are
theoretical curves for sea state 3 based upon the computed*

values of sea clutter cross section given in Table II, the
Ssystem parameters contained in Table I, and a receiver noise

level of -98 dBm.

I The measured data is considerably lower than the com-

puted curves which is not surprising in view of the lower sea

state which prevailed throughout these measurements. Empir-
ically derived relationships*" predict a 10 - 15 dB decrease

I in the VV clutter level between sea state 3 (8 knot wind) and

sea state 1 (2 knot wind).

Less expected are the amount that the VV return exceeds
the other two components (greater than 10 dB) and the fact that

the cross polarized component is larger than the IIH component.
These effects are thought to be real since the data taken cn

I targets of opportunity during the same period do not suggest
any imbalance between channels. Furthermore, the actual measure-

[ ments were performed with L45 degree linear polarization which
was converted to vertical and horizontal in the data processing.

Thus, any equipment errors would probably be reflected in both

VV and 111i components equally.

INormalized clutter cross sections were computed by Mr. John
Daley of NRL.

**Daley, John, "An Empirical Sea Clutter Model", Naval Research
Laboratory, NRL Memorandum Report 2668, Oct. 1973.

* ) - . .m m m =5
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I 3.5 Applicability to Target Classification

I Although the data shown here is fragmentary, it clear-
ly illustrates the richness of polarization signatures. Given

the limited set of radar returns discussed here, it is easy
to identify which set of RCS matrix data goes with clutter,

sailboat, launch and the sportfishing boat.

It is obviously not possible at this point in time,
to assess the full potential of this technique to accomplish

all the objectives of the target classification problem but it

is very reasonable to conjecture that as the library of RCS
matrix signatures is acquired on a variety of targets and

the familiarity with this technique is increased, the RCS

matrix technique will very substantially augment the Navy

I capabilities to detect and classify radar targets.
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I

1 4.0 CONCLUSIONS AND RECOMMENDATIONS

An experimental facility to study RCS matrix properties
of sea clutter and of radar targets in sea clutter has been

instrumented. Preliminary data on clutter and on targets of

opportunity has been collected and examined.

J It is quite apparent from the examination of these

preliminary results that the RCS matrix technique can provide

rich RCS signatures which should significantly augment Navy
radar capabilities to improve target detectability and target
classification.

In spite of the demonstrated potential, the RCS matrix
technique will need a carefully planned development. It is
therefore recommended that the next phases of the effort be

oriented toward the acquisition of a meaningful data base

of the RCS matrix signatures of targets of interest. As soon

as some of this data base becomes available, a systematic
investigation should be initiated for the development of

I. suitable algorithms which would be able to categoriza RCS
matrix signatures in a manner which would be efficient in

achieving target classification.

_ [
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I

SI APPENDIX A

I RADAR CROSS SECTION MATRIX

The following is a brief review of the basic concepts
involved in the Radar Cross Section (RCS) Matrix. This tech-
nique allows a complete description of radar target reflec-5 tivity in terms of the intrinsic properties of the target
without reference to the polarization properties of the measur-

ing radar. Polarization ellipses are represented as points
on the Poincar4 Sphere or Polarization space. Transformation
equations are given at the end of this Appendix.

The RCS matrix is formed by alternately illuminating
the target with two orthogonal polarizations and coherently

recording the co- and cross-polarized responses.* Since any
polarization can be expressed as a linear combination of any

set of orthogonal polarizations, it follows from the Super-

position Theorem that the information contained in the RCS

matrix is adequate to describe the response of the target to
any arbitrary polarization. In other words, the RCS matrix
parameters measured in one set of orthogonal polarizations
can be transformed to any number of RCS matrices which would

1- have been obtained with other orthogonal sets of polarizations.
This is illustrated in Figure 1.

It should be noted that in the most general way the RCS

matrix is an eight-dimensional quantity (four complex numbers).

However, the Reciprocity Theorem requires that aij - a.. and
since phases are relative, one of the phases can be set to zero,

- -and the RCS matrix reduces to a five-dimensional quantity.

*This technique does not require orthogonal polarizations.
In practical situations it is usually much easier to use an
approximately orthogonal pair of polarizations and then have

- _ - the computer orthogonize the data through the use of a priori
" -calibration obtained by measuring the response of standard

targets such as plates and dihedral reflectors whose RCS
matrices are accurately known.
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U In general, dealing with a five-dimensional space is difficult.

However, it is possible to uniquely represent the RCS matrix

as two points on a surface of a sphere. The two latitudes and

the two longitudes which account for four out of five dimen-

sions define the polarization properties of the target. The

fifth dimension, the radius of the sphere, is the measure of

3 target reflectivity. This is done as follows: Using formal

tools of matrix algebra we seek out transformations which result

3 in the RCS matrix whose element aij - 0. Since such transfor-

mation involves a quadratic equation we get, in general, two

solutions each representing a polarization which, had it been

used by the radar, would have resulted in zero energy in the

co-polarized return. We call this polarization "CO-POL" null.

I To represent the polarizations graphically we resort to the
Poincare Sphere where every possible polarization is uniquely

J mapped as a point on the surface of the sphere. Major proper-

ties of the Poincare Sphere are listed in Figure 2.

I The two co-polarized nulls represent the polarization

properties of the radar target. The conservation of energy

requires that the sum of the reflected energies as given by

the sum of the squares of the absolute values of the RCS

matrix elements be invariant under matrix transformation.

The square root of this sum can be used as the radius of the

J Poincar6 Sphere to describe target reflectivity.

In addition to the co-polarized nulls, we can also
find the cross-polarized or cross-pol nulls by specifying that

the transformed RCS matrix be a diagonal matrix, i.e., aij 1

a. i = 0. Physically this means that if the target is illuminated

with the polarization i or j all return will be co-polarized.

There is no new information provided by this transfor-

mation since the solution for the co-pol nulls used up all

"of the five dimensions contained in the original RCS matrix.
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I The two cross-pol nulls (which by the requirements of the Reci-

procity Theorem are orthogonal) bisect the two segments of the

great circle path on the Poincare Sphere defined by the two

co-pol nulls. This is illustrated in Figure 3. In several
physical phenomena, such as -he sea clutter, cross-pol nulls

tend to cluster in well defined regions and frequently help

to provide physical insight which would not be quite as appar-

ent from the examination of co-pol nulls alone.
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TRANSFORMATION E-QUkTIONS

FOR POINCARfi SPHEREI
If an arbitrarily polarized signal is expressed as

, a sum of right and left (R and L) circularly polarized com-

_ • ponents or as a sum of horizontally and vertically polarized

A .components (H and V) where R, L, H and V are complex amplitudes

SI and p, e, * are the polar coordinates of the Poincar6 Sphere

then the following relationships apply:

R- (H+jV)//'W
j L - (H-jV)/i/T

H- (R+L)//I

jV (R-L)//"

""1 - IL1 2 +1R12  1HI 2 ÷+V1 2

Axial Ratio - tan (Tr/4+8/2)

Tilt angle of the ellipse =/2

R/L = tan 8/2 exp (jý) 0 ý<8<•

"V/H * tan p/2 exp (j$) 0 ý<•.<1

"where

I Cos -p sin e cos

tan 8 cos O/(sin 8 sin'P)

cos 8 - sin ' sin 8

J tan ' - sin 'p cos 8/cos

The correct quadrant for 8 or ' is determined in the

usual way by signs of the numerator and the denominator of the

tangent function.

Poincare Sphere Convention:

Left circular polarization is at the north pole.

Horizontal polarization is at 0* longitude on the equator.
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